The paper presents a measuring strategy for a Formula One car using a Coordinate Measuring Machine (CMM) and a 3D laser scanning devices. The measurement procedures outlined the dimensional deviation of the CAD model and prototype made of composite material. The authors present two methods for the determination of symmetry for components of a Formula One car based on measuring and 3D scanning. 
Introduction
In last three decades the fibre reinforced polymers (FRP) have developed in a sustained and continuous way. Currently, because of their proprieties, there is practically no area where the FRP have no applicability: electrical, electronics, civil engineering, transport, shipping, cable transportation, aviation and space, medicine, sport and recreation, etc. In the aerospace domain these are used for the first time and have a very high utilization rate. These are found in the form of carbon fibre, boron and silica fibre, either as reinforcement material in epoxy matrix, ceramic or metal, generally for aircraft and spacecraft structures. These materials have migrated from aerospace industry to other high performance domain. Thus in 1981, McLaren launched the first chassis manufactured from Composite Materials (CM) * E-mail: bere paul@yahoo.com for participating in the Formula One World Championship, other teams continue this improvement [1, 2] and all cars have the chassis is manufactured form CM. Since then, participating cars were developed and built from FRP. At the same time with the assimilation of these advanced materials, new problems have appeared as shown in [3, 4] concerning the design and manufacturing technologies. Today the rapid development in aerodynamics or engine development for Formula One cars and Fédération Internationale de l'Automobile (FIA) changing regulation make mandatory the use of manufacturing and control methods. These changes are required in the design and implementation of new prototypes. In order to establish possible deviations in respect to regulations, verification and inspection of new prototypes manufactured is necessary. In this paper, the authors present two method for inspection of Formula One parts using coordinate metrology and three-dimensional scanning method. Those methods were validated on a Formula One car prototype, realized and assembled by Technical University of Cluj-Napoca, Romania.
Measurement of various elements or parameters of a Formula One car is not a new approach. It has been approached by: measuring and monitoring various parameters using telemetry [5] , Formula One car aerodynamics [6] , near-wake [7] , powertrain, for maximize the car performance and to reduce the fuel consumption [8] . Using two methods, coordinate measuring with direct contact and 3D scanning, the dimensional deviations of the component made from CM are determined. The measuring methodology presented enables to establish the dimensional deviations and symmetry in two steps: measuring the coordinates to determine any dimensional deviation and the laser scanning of the areas with deviations identified during the measurement.
Sources of errors in the manufacturing process
Starting from the CAD model, the stages through which it is manufactured from FRP can generate a number of errors and dimensional and geometric deviations. Their limitations and the identification of stages of the manufacturing process that generate deviations are keys for production performance. Manufacturing a component out of CM involves creating a CAD model and then creating a master model. Using rapid prototyping or rapid manufacturing technologies (Selective Laser Sintering, Fused Deposition Modelling, Stereo-lithography or direct CNC machining) to obtain a prototype require additional manual machining (sanding and polishing) due to the roughness of the external surface. The same type of further processing is required when moulds are made using CNC machining. A further step involves the development of the mould for the component made of CM. To obtain the final mould for FRP components it is necessary to use carbon fibre. This copies the master component, but in some situations, due to contractions, dimensional deviations may occur. Another step is to build the component from CM, in this case using carbon fibre. In our case it is a sandwich-type structure. The panel of sandwich structure are made from carbon fibre/epoxy prepreg materials. Inside the sandwich structure contain the aluminium honeycomb. The FRP structure was obtain in autoclave technology. In every step of the manufacturing process of the FRP component dimensional deviations may occur. The car body is made of components or assemblies of components that can be combined between them resulting in a single assembly. An example might be the assembly of the front of the car, which contains between 14 and 16 different components. It is connected to the rest of the car using four centring components and two clamping components.
In the case of some components, the dimensional deviation influences the assembly operations between them and other components. Especially in this field, the exterior form of the components contained in an assembly can influence the final shape of the exterior of the chassis. Dimensional deviations of the components are not allowed because then they cannot be correctly assembled and then they will not respect a certain geometric shape. In the areas where the components will be assembled the dimensional deviation should be as small as possible in order not to influence the exterior shape of the chassis. In some situations the assembly operation might be irreversible, such as when using glue for the assembly process. After assembling these components, an inspection of the assembly is needed. The same procedure can be applied to the components that had been repaired [9] . In all stages of the presented manufacturing process dimensional errors may occur. In case they appear in the master model, they will amplify until the CM component is created.
Method for inspection of the Formula One car

Equipment
A state of the art multi sensor CMM (Figure 1 a) was used for point acquisition. The CMM is equipped with an optical sensor, a laser line probe (LLP) and a state of the art contact scanning probe which is capable to acquire a large number of points with high accuracy. The CMM is equipped with incremental linear scales with 0.1 µm resolutions and maximum permissible error (MPE) according with ISO 10360: E1=(1.8+L/500)µm. Maximum permissible probing uncertainty according to ISO 10360 for point to point probing is 0.75 µm and for scanning strategy is 1.9 µm. All measurements were conducted in a clean room with temperature and humidity under strict control. For scanning outside of the LLP another scanner was also used, a handheld 3D type (Figure 1 b) scanner with a measurement rate of 18 000 points/s. Accuracy of the laser scanner is up to 50 µm and volumetric accuracy 0.020 mm + 0.200 mm/m, based on ISO 10360. The scanner uses optical reflectors to create a reference system "locked" to the scanned part and uses triangulation to determine its relative position to the part in real time. During the scanning process the user can move the object and the scanner relative to each other in any way he wants. Changes in surrounding environment have no impact on data acquisition quality or accuracy. In order to process the point cloud and the 3D mesh the following software packages were used: VXElements and Catia V5.
Measuring procedure
The measurement of complex surfaces that are present in the structure of a Formula One car has a number of particularities in terms of used procedures and expected results. One of the objectives of measurement is to determine the symmetry of the construction elements of the machine and to determine the dimensional errors against the master model used for making the mould. To verify dimensionally a construction element of a Formula One car, the authors propose using 3D measurement and scanning in combination with a CAD solution for data analysis resulting from measurements and scanning utilizing a procedure presented in Figure 2 . Laser scanning and coordinate measurement are dimensional inspection procedures widely used in industry for both small and large high precision component inspection [10] .
The first step in the measurement procedures proposed by the authors consists in translating the CAD assembly reference system (SG1) on the inspected part (SR1) (Figure 3) , by rotations and translations, in such way that the translated system can be embodied using surfaces and elements from the inspected part. Since the measured object (Formula One car) has most of its surfaces belonging to the freeform category the establishment of the elements used to align the CAD model and the real one must be made carefully. The authors propose using the PLP (Point Lane Plane) method to align the CAD model instead of the Best fit method.
Step two involves the SR1 system embodiment by touching some constructive elements of the physical part so that it can be overlapped on SG1. In some cases supporting elements can be used, such as universal positioning spheres [11] that allow positioning error elimination of the real model in relation to the CAD model. Figure 4 presents the elements measured and used to align the nose of the car: plane 1-mounting surface of the nose on the car body, plane 2 -the plane of the two arms on which the front spoiler is mounted, plane 3 -the plane on which the aerodynamic elements of the nose are mounted. After the acquirement of the physical elements, the reference system is aligned with the CAD system so that the two systems coincide.
In step three, the segmentation is performed into areas of interest of the measured part. Depending on the size of these areas of interest, a representative number of points is established, which will be acquired in each area and the probing strategy will be defined.
Step number four involves acquiring a representative number of points in the areas of interest in order to determine the actual deviation from the CAD model. In Figure 5 two areas of interest of the nose are presented, along with the points acquired from these two areas.
Determining the deviations of acquired points is step number five and is achieved automatically by the software used to measure and inspect the part. Nominal values of the CAD model are compared with the coordinates of the touched points by for calculating the deviation on all three axes. In Figure 6 the deviation of acquired points is represented in different colours, the numerical values which representing deviation values can be found in the measurement report and can be used for any purpose. Results analysis is step number six of the proposed measurement procedure and aims to identify trends or inadequate values that do not fall within the allowed tolerances. If such areas are not identified, the part can be validated from the dimensional point of view. In case such areas are found, we will move on to their evaluation by laser scanning. The laser scanning, step number seven, of areas showing obvious deviations or trends toward a certain tolerance limit allows for the comparison of the actual area with the CAD model. This can be achieved due to the fact that a larger number of points is acquired, compared to contact measuring. By scanning, accuracy of the method increases, because the number of inspected points increases, thus the comparison between the CAD model and the real one is performed using more points of comparison. In the step number eight, a CAD software deviation analysis can be used to emphasize the difference between scanned points and CAD model.
Rysunek 2. Measuring procedure
Rysunek 3. SG1 and SR1 reference systems
To determine the symmetry of a structural element the following two methods are proposed:
• Measurement by touch on a coordinate measuring machine of symmetrical points related to a reference element
• Determination of symmetry using CAD tools
For the first case, the symmetry of the nose assembly of the Formula One car was verified using multisensor coordinate measuring equipment with CNC. The reference Rysunek 4. Aligning the CAD and real models for nose car element was set midway between the two mounting positioning holes for the nose assembly of the car. The part was positioned in such a way as to eliminate any possible source of error [12] , it was oriented along the Y axis of the machine, and the measurements were made on a single axis (X) thus eliminating a number of errors that can contribute to the measurement uncertainty [13, 14] . After touching the contact points, these are used to determine the form symmetry deviations for the nose assembly of the Formula One car. Figure 7 shows the position of the part on the machine table and the touching of two symmetrical points.
As the method for symmetry checking using measurements points is very demanding in terms of time, the authors recommend this method for verifying only a limited number of points. For a large number of points, in order to determine the symmetry, different CAD and laser scanning solutions can be used (Figure 8 ). Thus, in the first phase, the area of interest is scanned then processed and the 3D Rysunek 7. Check symmetry of Formula One nose car using CMM
Rysunek 8. Digitization of Formula One car
Rysunek 9. Using Deviation Analysis tool for symmetry check mesh is generated. Using CAD solutions the reference element is materialized as 1 2 of the car nose and, using deviation analysis tools, the symmetry deviation of the scanned model is determined, as shown in Figure 9 . It can be seen that most of the scanned points are found concentrated at around 0 mm, and detail A from Figure 9 shows with the light colour the areas that have form deviations from the reference. Once the whole assembly has been scanned, as shown in Figure 10 , the determination of the dimensional deviation from the CAD model for the entire element can be performed.
Results
Using CMM, a total number of 186 points were acquired to check the symmetry in various sections of the whole nose of the Formula One car. Thus, statistical processing of the deviations on the three axes was obtained, overall ( Figure 11 a) and individually as presented in Figure 11 b. To determine the deviation of the physical model from the CAD model, two areas of interest were inspected, by acquiring a total of 88 and 99 points respectively with CMM. In the first case, all 88 points were acquired in the tolerance field of ± 1 mm, the calculated standard deviation being 0.44 (Figure 12 ). In the second case 14 touched points of the 99 are not in the required tolerance field of ± 0.5 mm and the standard deviation for the remaining ones was 0.338. Figures 12 and 13 To verify the symmetry using laser scanning, a selfpositioning laser scanner was used; the number of acquired points was 114,607. Through the CAD comparison, we obtained a standard deviation of 1.78. The different values provided by the two methods has two main sources: the differences between the two measuring equipment's (CMM accuracy 1 µm, laser scanner accuracy 50 µm), and higher number of points taken into consideration in the CAD comparison.
Conclusion
In this paper, the inspection methods of the proposed geometrical deviation were validated on Formula One car. The dimensional and geometric checking was performed employing two methods: the first one involves measuring the real model in comparison with the CAD model, and the second method is based on using Deviation Analysis and laser scanning. Both the dimensional and geometrical verification have revealed that the items inspected meet the requirements from the design specification. The CMM verification method is more accurate because of equipment used. The main disadvantage of this method is the high amount of time needed to acquire a sufficient amount of points to identify problem areas and trends for a particular area. Another minor drawback is the lowering the accuracy of the measurement if the measurement volume increases and the large amount of time required to prepare the measurement (NC programming of the CMM). Using laser scanning the amount of acquired points increases considerably and facilitates a more exact determination of a trend. Still the precision is lower than when using a CMM with the observation that precision can be improved if the scanning area becomes smaller.
